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A. JDASS Philosophy and the ARM Program
Under our previous ARM support, we developed an lntegrated Data Assimilation and Sounding astern (IDASS). The IDASS system couples in situ and remote sensing instruments with a state-of-the-art mesoscale data assimilation system to provide a time-continuous description of three-dimensional atmospheric structure with a horizontal resolution of approximately 5 km' over a domain of 200x200 km2. The observing system associated with IDASS is the lntegrated Sounding System (ISS) which combines numerous remote and in situ sensors into a single transportable unit. Combining sensor platforms into a single unit allows us to take advantage of their positive attributes, while overcoming their singular limitations. The data assimilation system most frequently used in IDASS is Newtonian relaxation (often termed nudging) in a non-hydrostatic version of the NCAWPennsylvania State University mesoscale model Version 5 (MM5). The assimilation system is nested with horizontal resolution on the inner domain ranging between -2 and 6 km. We have also developed a version of IDASS that employs the adjoint assimilation technique on coarser mesoscale, grids. In a sense, IDASS couples two powerful changes in atmospheric technology as the high resolution numerical model takes advantage of recent growth in computational abilities, while the ISS maximizes the capabilities of recently developed remote and in situ sensors.
The IDASS system was developed to meet the ARM experimental program requirements of an accurate determination of radiative and atmospheric parameters over an area similar to that defined by the full-extent of a General Circulation Model (GCM) grid scale (i.e., the CART domain). The IDASS system, when coupled with the other measurement capabilities of ARM-CART, will provide estimates of the mean and sub-grid scale structure over the entire CART domain and boundary conditions to this domain for a wide variety of meteorological parameters, including cloud and radiative properties.
While it may be philosophically more attractive to use a pure set of observations through objective analysis, recent studies have demonstrated that an objective analysis of observations taken during CART lops will often produce errors too large to make the data useful for testing parameterizations.
The following discussion includes a brief overview of our accomplishments thus far for the 'This represents a significantly enhanced resolution when compared to ARM'S original goal of 20-km resolution.
IDASS program. This brief discussion is based on the extensive list of the publications and presentations resulting from our past ARM support (Appendix A). Further details of these accomplishments can also be found in our ARM annual reports. The vitae of the IDASS development team can be found in Appendix B.
B. Development of a Data Assimilation System
One component of the IDASS system is a state-of-the-art mesoscale model with data assimilation capabilities. During our past support we have developed and tested this model and have begun data assimilation experiments with simulated and actual ARM data. The highlights of this portion of our past ARM effort includes:
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During the first funded period of ourgrant, a non-hydrostatic version of the NCAR/Pennsylvania State mesoscale model was developed with partial ARM support (Dudhia, 1993a). When this version of the model is used with horizontal .
resolutions of 5 km or less, the non-hydrostatic capabilities of the model allow many convective cloud processes to be directly resolved.
Also during the first period of our grant we coupled the non-hydrostatic model to a data assimilation based on nudging. While most previous data assimilation systems .
on the mesoscale only assimilate data from rawinsondes and profilers, IDASS allows for the incorporation of modem remote sensing measurements. For example, it was found that the assimilation of vertically integrated water vapor estimates from microwave radiometers greatly improved the accuracy of the vertical pfoofiles of water vapor within the hydrostatic model (Kuo et al. 1993) . Since non-hydrostatic data assimilation is a relatively new area of research, we also addressed the general behavior of this non-hydrostatic assimilation system in regard to issues such as the frequency of data ingestions, radius of influence and values of the nudging .
coefficients.
Through pilot experiments prior to the development of the CART site and a number of Observing System Simulation Experiments (OSSEs), we were able to investigate issues related to the design of the CART site. These issues include station density, instrument type, and the spatial extent of the domain. These studies show that a modest network of observing stations (station separations of -200 km) can produce significant improvements in the accuracy of the assimilation products and that the location of the CART site within wind profiler demonstration network is well suited for data assimilation, as the model is able to derive significant improvements to the wind and to derive some benefit in the thermal field through assimilating wind measurements. The OSSEs were also used to compare the accuracy of data assimilation to estimates obtained from objective analysis. During the first grant period, a prototype ISS was developed for ARM that included a 915-MHZ wind profiler with RASS, a CLASS sounding system, an enhanced surface meteorological station, and a specially developed software system. The ISS was included in two field experiments conducted at the CART site during the first grant period. The first 1OP was conducted in November 1993 and included in situ measurements taken by the NCAR King Air. The aircraft measurements have been used to test surface and boundary layer schemes employed in the assimilation model. In addition, a data assimilation experiment was conducted in June 1993 at the CART site, using ISS, rawinsonde, and the standard CART instrumentation coupled with the non-hydrostatic model. The subsequent ARM Single Column
Modeling (SCM) l o p s were similar in design to this early experiment allowing for a test of the IOP concept at the CART site.
In addition to a number of deployments within the CART domain, six ISS were deployed during TOGA COARE through a collaboration between NCAR and NOAA's Aeronomy Laboratory (Parsons et ai. 1993). As noted in the ARM science plan, the design of the ISS and its deployment greatly impacted the design of ARM3 ARCS (Atmospheric Radiation and Cloud Station) measuring systems. In addition, one of the ISS deployed for TOGA COARE directly served ARM goals through providing the measurement center for the special radiation observations taken for ARM at Kavieng. The measurements taken by the ISS in the tropical western Pacific (TWP) also provided a unique application of testing the instrumentation that will be deployed in the ARM ARCS in this region. A detailed discussion of instrument performances, height coverages by remote sensors and instrument accuracies can be found in Riddle et al. (1 996). This study revealed for the first time a bias in RASS measurements in the lower portions of the boundary layer. of the current hardware. Specifically, the signal-noise ratio is frequently weaker than expected and sometimes too weak to give a useful result. Also, the variance in measured winds is larger than theoretically predicted (Doviak et al. 1996b ).
Hardware and software upgrades have improved MAPR performance considerably. Changes to the data handling and storage have reduced the 'dead time' between measurements by a factor of four, effectively increasing the duty cycle of the instrument allowing shorter integration times. All the original phase switches have been replaced with more reliable switches (this has been an issue with all wind profilers of similar design). Finally, phase differences between the receiver channels have been measured and are now being corrected for in later processing. Future work is aimed at improving the signal to noise and reducing the variance.
..
Two additional field deployments will be carried out during this grant period. The first experiment is. the Boundary Layer IOP (BLX-96) planned to take place this summer in conjunction with aircraft measurements over the CART site. Ouring this IOP, the ISS with the MAPR will be deployed near the CART site to test the ability of this instrument to provide vertical profiles of turbulence through comparison with the insitu aircraft measurements, The second additional experiment is the Water Vapor IOP to be conducted during either September or October 1996. In this experiment, we will deploy six Global Positioning System (GPS) measuring systems to derive column-integrated estimates of water vapor. Combining the column integrated estimates from these six systems with other GPS systems and the radiometers already deployed within the CART domain will allow a well-designed test of the ability of data assimilation to provide vertical profiles of water vapor through using the column-integrated GPS values and GPS slant range measurements as constraints. The variational data assimilation approach is particularly well suited to working with these types of constraints.
; 3 0 3 4 9 7 8 5 0 1 As a result of testing against ARM IOP data and other modeling projects, MM5
undergoes continuous improvements and refinements to its physics. Surface flux observations from our pilot experiment prior to the creation of the CART site and aircraft data from the November 1993 IOP at the CART site were used to test surface and boundary layer parameterizations at the CART site. These results describe the importance of accurate determinations of soil moisture to the diurnal cycle, and this is primarily a limitation of data initialization rather than the model physics. However, it is now recognized that there may be some gains in using a multi-layer soil model as opposed to the current slab model, particularly in improving the phase and amplitude of the diurnal ground temperature wave, which will in turn feed back to the atmospheric boundary layer. Another area of improvement has been in the model's solar radiation treatment. The long-term data set from FIFE has been used to tune the model's clear-air scattering coefficient to give surface shortwave radiation fluxes in agreement with observations over the annual cycle.
Currently MM5 is being run in a real-time forecast mode centered on Colorado, but with the CART site within the 27-km grid domain, and this is a valuable testbed for continuous model improvement. of the analyses used for lateral boundary conditions. The primary lessons from these tests have come from comparisons of model biases with the NMC analyses. One bias is a coolness of the model boundary layer relative to the observed. This reflects a possible deficiency of the boundaryhrface scheme or the cumulus parameterization downdrafts and is being investigated. The other bias in upper-level mean temperature is sensitive to the radiatiordcloud interaction due to widespread cirrus in the region. Certain adjustments of parameters related to this physics can eliminate this bias, but the primary uncertainty at these coarse grid scales (appr. 100 krn) is how to represent cloud fraction and this is also an area for research.
Testing of model physics and parameterizations has also been undertaken through a one-dimensional version of MM5 that is primarily of use in evaluating soil, boundary layer and radiative parameterizations in the absence of mean vertical motion and advection. This simple SCM is a valuable testbed for these parameterizations when used in meteorologically quiescent periods and gives results close to those of the full 30 model under these conditions. It has been tound that to properly represent the wind evolution over a day, which is crucial to representing surface fluxes, the large scale pressure gradient needs to be specified to maintain the momentum against frictional forces at the ground. So far this.mode1 has helped in the development of soil and radiation parameterizations.
Our non-hydrostatic simulations over the CART site were used to directly test parameterizations for deep convection through using identical simulations with coarse grids. Preliminary results include the finding that some convective schemes have trouble triggering convection in the capped environments that are frequently found over the CART domain (Dudhia and Parsons 1994). To further investigate the behavior of convective parameterization schemes, we also used idealized simulations with reduced model physics and initialized convection on both coarse and cloud resolving grids. This research clearly shows how many of the difficulties inherent in GCM style convective parameterizations can be overcome with a mesoscale approach that resolves the circulations associated with mesoscale convective systems. Some preliminary aspects of this work are described in Kuo et al. (1 996).
Through analysis of ISS data from TOGA COARE and resolved cloud modeling studies we have also been involved in a number of fundamental studies of clouds and the link between clouds and the ocean surface in the TWP. These studies include studies of the diurnal cycle during suppressed conditions showing how the radiation cycle and surface fluxes lead to an evening maximum in convective activity during suppressed conditions. The work also shows how dry intrusions of middle latitude and subtropical air mass are advected into the lower troposphere over the l W P accounting for very low relative humidities that change the radiation balance at the surface through modifying down-welling long wave radiation. Finally, resolved cloud modeling was undertaken with a simple surface flux scheme to show how convection modifies the ocean surface and how the surface fluxes feedback on the convection. This work is also partly supported by TOGA COARE and can be found in Parsons and Yoneyama (1996) and Trier et al. (1996 12. Kuo Non-refereed papers 1.
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